Intrapopulation and interpopulation variation in blood pressure (BP) often reflects the joint effect of a complex set of risk factors, including lifestyle factors such as physical activity, diet, smoking and alcohol use. In this study, we set out to quantify the impact of habitual levels of physical activity on BP within and between three populations at contrasting levels of population risk of hypertension. Individuals were randomly sampled from communities in Nigeria (n ¼ 57), Jamaica (from Kingston, n ¼ 35) and the United States (from the Chicago area, n ¼ 32). Activity energy expenditure (AEE) (estimated from resting energy expenditure measured by indirect calorimetry and total expenditure measured with doubly labelled water) was used as an objective estimate of physical activity. In each of the three samples, there was a consistent negative correlation between BP and AEE. This negative association persisted after adjustment for age, sex and body fat (body mass index or percent fat mass). In multivariate models, adiposity was no longer a significant predictor of BP after accounting for low AEE. In conclusion these data suggest that habitual levels of physical activity may have a generalizable relationship with BP in populations with widely different social and environmental characteristics.
Introduction
A number of well-characterized lifestyle exposures are known to increase the risk of hypertension. [1] [2] [3] However, in population studies these factors collectively account for a small proportion of the interindividual variance in blood pressure (BP). 4 Although it is possible that important undiscovered causal risk factors for hypertension exist, it is more likely that known exposures are poorly measured and that their interactions are not accounted for. After age, obesity has the largest quantitative impact on BP in epidemiologic studies. 5 Increased levels of adiposity represent a complex syndrome, however, which includes many factors beyond simple accumulation of fat stores, such as excess intake of calories and sodium and lower levels of physical activity. The ease with which body weight is measured undoubtedly focuses attention on this aspect of risk, thereby potentially exaggerating its causal role.
Societies vary markedly in their average risk of hypertension. In West Africa, for example, mean BP rises very little with age and the prevalence of hypertension is low. 6 Among African Americans, on the other hand, the prevalence of hypertension in adults is approximately 35%, and substantially higher prevalences are observed in Northern and Eastern Europe. 7 These marked contrasts are only partly accounted for by established risk factors, 7 although comparison across populations has been hampered by lack of comparability of several key measures. Obesity is not difficult to assess in a standardized fashion and studies such as INTER-SALT have investigated the role of dietary electrolytes. 8 Physical activity has received relatively little attention, however, in large part because of limitations in the measurement process. 9, 10 Although activity can be estimated with questionnaires, these instruments explain only 10-25% of the variance when compared to objective measures and always have a degree of cultural specificity. 9 As part of an on-going study of hypertension in populations of the African diaspora we have collected standardized measurements of hypertension prevalence and associated risk factors among West Africans, black Caribbeans and African Americans. 11 To supplement these survey data and validate questionnaires we made use of an objective method to assess energy expenditure using stable isotopes. A standardized dose of deuterium and O 18 can be used to measure the total calories expended by an organism over intervals of 10-14 days. 12 After subtracting out resting metabolic costs and the thermic effect of food, the calorie expenditure associated with physical activity can be obtained. 12 In this report, we describe the application of this method to population samples in Nigeria, Jamaica and the US, and the relationship of physical activity to BP.
Materials and methods

Recruitment of participants
The sampling frame for this study was provided by the International Collaborative Study on Hypertension in Blacks (ICSHIB), as described in detail elsewhere. 11 In Nigeria, the study was carried out in Igbo-Ora, a rural community in the southwestern part of the country. The local residents belong to the Yoruba ethnic group and are mainly farmers. In Jamaica, participants were recruited from Spanish Town, a working class suburb of Kingston. Both Chicago and the near-western suburb of Maywood served as survey sites in the US. Individuals were excluded from participation if they were taking antihypertensive medication; however, all newly detected hypertensives were included and referred for treatment after the 2-week study period. Study protocols were reviewed and approved by the institutional review boards of the University of Ibadan, Ibadan, Nigeria, the University of the West Indies, Kingston, Jamaica, and Loyola University Medical Center, Maywood, IL. Written informed consent was obtained from the participants.
Survey methods
A screening examination was completed in a clinic setting by trained research staff using a standardized protocol. 11, 13 A medical history was obtained. BP was measured with an electronic device (Omron HEM-412C, Vernon Hills, IL, USA) three times on one occasion in the sitting position with the arm at heart level after a 5-min rest.
14 Calculations were based on the average of the second and third readings. Height was measured to the nearest 0.1 cm using a stadiometer consisting of a steel tape attached to a straight wall and a wooden headboard.
The headboard was positioned with the participant shoeless, feet and back against the wall, and head held in the Frankfort horizontal plane. Body weight was measured to the nearest 0.2 kg using calibrated electronic scales. Body mass index (BMI) was calculated as weight (kg)/height 2 (m 2 ).
Total daily energy expenditure (TDEE)
The doubly labelled water (DLW) method is described in detail elsewhere. 12 Briefly, the DLW method is a noninvasive, objective means of measuring TDEE in free-living individuals. With this method, an oral-loading dose of water labelled with the stable isotopes, 18 O and 2 H, is administered to each participant. The dose of DLW mixes with and equilibrates with the body's water compartment. Over the following several weeks, the isotope 2 H is eliminated from the body only as water while the 18 O is eliminated as both water and carbon dioxide, the end product of cellular respiration. The difference in the elimination rates of the two isotopes as measured from the isotopic enrichment of body water samples, in this case urine, provides an integral measure of carbon dioxide production over the measurement period. The rate of carbon dioxide production can then be used to calculate TDEE using standard indirect calorimetry equations. A 14-day DLW measurement period was used for the US participants, however, as a result of uncertainty concerning the rate of water turnover in the tropics, the DLW measurement period was shortened from 14 to 10 days in Nigeria and Jamaica. Deuterium and 18 O elimination rates were calculated by the twopoint method, using the isotopic enrichment relative to baseline and the time difference between the third postdose and the final urine samples. 15 The mean (7s.d.) ratio of deuterium to 18 O dilution spaces for both sites combined was 1.03570.017, which agrees well with previously published reports. 16 The food quotient used for the determination of TDEE 17 was based on site-specific dietary analyses 18 and unpublished data and varied by site: 0.90 in Nigeria and 0.85 in the US and Jamaica.
Resting energy expenditure (REE)
All REE measurements were made using the same protocol and indirect calorimetry system in the three sites, that is, DeltaTrac II metabolic monitor (Sensor Medics, Anaheim, CA, USA). Two instruments were used, one for the Nigeria and US measurements and the second for Jamaica only.
All REE measurements were made in health clinics on an outpatient basis after participants had fasted from 2200 h the previous evening. The measurement rooms were thermoneutral relative to the respective environments: average ambient temperatures of 281C in Nigeria and 231C in the US and Jamaica; all sites were at approximately sea level. In all participants, measured REE was stable (o10% variability) for at least 20-30 min. REE was calculated from inspired O 2 and expired CO 2 according to the modified Weir equation using data from the last 20-30 min of the measurement period and expressed as kcal/day. 19 Methanol burn tests showed the instrument to be accurate to 72%. A total of 52 duplicate measurements were made on participants and staff on separate days up to 18 months apart with a resulting coefficient of variation (CV) ¼ 3.3%. The instruments were calibrated for barometric pressure in all sites.
Three of the Nigerian and 15 of the Jamaican participants were not available for measurement of REE, therefore, their values were predicted from the Cunningham equation using fat-free mass (FFM) derived from deuterium dilution. 20 The correlation between measured REE and REE calculated using the Cunningham equation was high in the other Nigerian participants (r ¼ 0.96) and Jamaican participants (r ¼ 0.93), with measured REE being 100.5 and 96.3% of the calculated value in the Nigerians and Jamaicans, respectively.
Activity energy expenditure (AEE) was calculated as: AEE ¼ TDEE-REE-(0.1* TDEE) and expressed as MJ/day. The equation term (0.1*TDEE) represents the estimated 10% of TDEE expended as the thermic effect of food. 21 The physical activity level (PAL) was calculated as the ratio of TDEE to REE. 22 
Body composition
Body composition was measured using the isotope dilution method and carried out concurrently with the DLW procedure. This method is based upon the dilution principle and has been described in detail elsewhere. 23 Total body water was calculated for each isotope and the two values averaged. FFM was calculated by dividing the average total body water by a hydration constant (0.73). 24 Fat mass (FM) was calculated as the difference between body weight and FFM.
Statistical analyses
Descriptive characteristics were calculated as means and frequencies and differences were assessed with the 't' test. As the first step in the analysis, Spearman correlation was used to assess interrelationships. Linear regression was subsequently used to conduct the multivariate analyses with systolic BP (SBP) or diastolic BP (DBP) as the dependent variable and PA, age, sex, BMI or % body fat and site as the independent variables. Logistic regression was used to assess the odds ratio of being hypertensive (SBP X140 and/or DBP X90) if in the upper vs lower 50th percentile of PA, after adjustment for age, sex, BMI or body composition and site. Site was represented by dummy variables in regression models. Statistical significance was indicated if the associated 'P'-value was p0.05.
Results
The descriptive characteristics of the participants are presented in Table 1 . As anticipated, both the Nigerian men and women were considerably leaner than the other two groups of participants. In this relatively small sample, mean BPs did not follow the anticipated east-to-west gradient, as found in the community at large. 11 Resting energy expenditure increased in a stepwise gradient from Nigeria to Jamaica to the US, as would be anticipated from the differences in body size. Energy expended in PA followed the same pattern, presumably driven by Relationship between blood pressure and physical activity A Luke et al the increased work of movement by the larger people in Jamaica and the US. Normalized for body size, AEE was not significantly different across sites, although it was nominally highest in Jamaica among men and in Nigeria among women. In all, 21 percent (n ¼ 26) of the total sample was hypertensive, that is, SBPX140 or DBPX90. The majority of hypertensive participants were from Nigeria (n ¼ 19) where detection and treatment were uncommon. The relationship between AEE and both BP and percent body fat was assessed separately and subsequently in a combined analysis. A strong and consistent relationship was observed between AEE and percent body fat in each sample with correlation coefficients ranging from À0.46 to À0.70 (Table 2) . Within each of the three samples a negative association was also observed between AEE and BP in correlation analysis (Table 2 ) and in a multivariate model controlling for age, gender and body size or composition (Table 3) . Age was not correlated with AEE in any of the samples (overall r ¼ À0.06, range À0.18 to 0.05). When the data from each of the three samples were combined it was found that population origin was not a significant covariate so a pooled analysis was undertaken. In the multivariate regression models, age and activity expressed per kg body weight were consistently associated with both SBP and DBP while measures of obesity, that is, BMI or percent body fat, were not. In addition, the odds ratio for being hypertensive when in the upper 50th percentile of activity energy expenditure was 0.36 (95% confidence interval 0.13, 0.99; Po0.05), after adjustment for age, sex and BMI. Mean AEE per kg weight was higher among normotensives than hypertensives, 14.170.6 and 11.671.1 kcal/kg day, respectively (P ¼ 0.06). Mean SBP was 6.5 mmHg and DBP was 3.5 mmHg higher among participants in the lower 50th percentile of AEE/kg weight compared to the upper half.
Discussion
Using an objective method that provides a high level of precision, we have demonstrated a significant correlation between levels of AEE and BP in population-based samples from Nigeria, Jamaica and the US. In this relatively small sample, adults who expended more energy in the activities of daily living had lower BP. This relationship existed in the pooled sample, and when potential confounding by site was taken into account. As might be anticipated, the strongest relationship within these data existed for the correlation between adiposity and physical activity. After accounting for this effect, however, BP remain independently related to calories expended in activity, while the relationship with adiposity was no longer significant.
The importance of physical inactivity as a risk factor for hypertension and other CVD is well accepted and numerous consensus statements and recommendations have been published. [25] [26] [27] As in the assessment of nutritional intake, 28 the basis for these recommendations is often weakened by poor reliability of the measurements that can be made in free-living individuals. The majority of studies on CV risk and physical activity have relied on questionnaire data to stratify participants by activity patterns, for example, as sedentary, active or very active. This categorization allows for comparison between the extremes of activity levels, and most surveys have reported higher rates of elevated BP and/or CV mortality in sedentary vs active individuals. [29] [30] [31] [32] [33] [34] A few surveys found no difference in CV risk between levels of activity. [35] [36] [37] Some quantita- Dummy variables for site were not significant and were omitted from the final models.
Relationship between blood pressure and physical activitytive physical activity data were generated in studies using the Framingham physical activity index, in which a recall of hours spent at various levels of activity was used to generate a composite score. 38 Using the physical activity index as a continuous variable, correlation analyses indicated very modest inverse associations existed between physical activity and SBP, r ¼ À0.05 and À0.08, in the Framingham and Puerto Rico Heart Studies, respectively. [38] [39] [40] Although questionnaires, recalls and activity histories can provide important information about the types of activity engaged in, it is difficult to obtain reliable quantitative results primarily due to the subjective nature of self-reports. Correlations between expenditure estimated using questionnaires and more objective measures, such as DLW, average only about 0.3. 9 Additionally, the definitions for categories of activity, for example, sedentary, active and very active, differ between studies making comparisons difficult. Furthermore, the same instrument used in different sociocultural settings can be interpreted very differently by study participants, with the outcomes not necessarily being comparable. The majority of physical activity research, however, has been limited to the use of such subjective measures due to the fact that objective measures, such as DLW, are expensive, require a high level of technical expertise, and are not suited for use in the majority of clinical and field settings. These features make objective techniques impractical for use in many studies where funds and facilities are limited. In the present study, the inclusion of the DLW method provided an objective measure of energy expenditure in free-living individuals and allowed a significant quantitative relationship between BP and physical activity to be defined.
There are limitations to this study, however. AEE measured using the DLW method provided information about the average caloric expenditure over a defined period of time. These data gave no indication of patterns of activity intensity in which caloric expenditures are similar, that is, short bouts of intense activity vs more consistent moderate activity, which may be important determinants of CV risk. Although the associations between AEE and BP, as well as obesity, were consistent between the sites, the sample size per site was small and may not be generalizable to the groups as a whole. The proportion of hypertensives was higher in the Nigerian sample and this could have introduced bias not controlled for by the regression models. In future surveys using DLW, it would be beneficial to include descriptions of activity patterns and relate these to AEE data for a more complete picture of physical activity.
In summary, in these samples from Nigeria, Jamaica and the United States, we have described a consistent negative association between AEE and BP independent of body size or composition. When examined alone, the risk of elevated BP associated with obesity should be discounted for the hidden effect of AEE. These results provide quantitative support for the recommendations to increase physical activity to improve CV risk and suggest that adiposity, per se, may exert its effect to a large degree through other associated behaviours.
